Introduction
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Due to their remarkable and unique physicochemical properties, poly-and perfluorinated 45 compounds (PFCs) are almost irreplaceable for industry and commerce. [1] Global distribution 46 of ionic perfluorinated compounds such as perfluoroalkyl sulfonates (PFSAs) and 47 perfluoroalkyl carboxylates (PFCAs) is caused by extensive use and persistence of these 48 substances [2, 3] as well as their potential for long-range transport. Depending on the molecule 49 size, perfluorinated acids can be highly soluble in water [4] which explains their transport in 50 the water phase. [5, 6] However, it is suggested that atmospheric transport of neutral, volatile 51 precursor substances and their degradation to PFSAs and PFCAs also is an important long-52 range transport pathway. [7, 8] PFSAs and PFCAs are persistent, toxic and partly 53 bioaccumulative. [9, 10] Their bioaccumulation potential increases with increasing chain 54 lengths of the molecules. [11] Bioaccumulation of PFSAs starts with a chain length of five [11] , 55 for PFCAs with a chain length of seven perfluorinated carbon atoms. [10] As PFSAs and 56
PFCAs biomagnify along the food chain [12] , piscivorous top predators possess the highest 57 contamination in marine wildlife [13] . Substance profiles of PFSAs and PFCAs and their 58 distribution in the body of different mammals are quite similar. [12, 14, 15] Mostly, 59 perfluorooctane sulfonate (PFOS) is the dominating compound followed by 60
Sample preparation 115
Samples were prepared by a modified method of Powley et al [25] . All tissue samples were 116 homogenised using a disperser (T 25 basic Ultra-Turrax, IKA, Staufen, Germany). To avoid 117 heating up while homogenising, tissue samples were cooled in a water bath. Depending on the 118 tissue weight, up to 1 g of the homogenised sample or 2 mL of blood were loaded into a pre-119 cleaned 15 mL polypropylene centrifuge tube. 5 mL of acetonitrile were added to the 120 homogenised tissue sample. After careful vortex-mixing (REAX top, Heidolph, Schwabach, 121
Germany) for 30 s, the sample was placed in an ultrasonic bath at a temperature of about 122 30 °C for 30 min. The dispersion was centrifuged at 5000 rpm (Universal 320, Hettich, 123 Tuttlingen, Germany) for 30 min. The clear supernatant was transferred to another 124 polypropylene centrifuge tube and the extraction was repeated once. Since standard addition 125 was used for quantification (see below), the combined supernatants were carefully vortex-126 mixed and separated in three aliquots of 3 mL each. The first and the second aliquot were 127 spiked with 50 µL and 100 µL of a standard solution containing native PFCs (standard 128 solution 1), respectively. Composition and compound concentrations of standard solution 1 129 are listed in Table A4 interfaced with an electrospray ionisation source in a negative ionisation mode ((-)ESI). As 150 HPLC column a Phenomenex Synergi, 4 µm packing, Hydro-RP 80A, 150 mm x 2 mm 151 (Phenomenex, Aschaffenburg, Germany) was used. A Phenomenex Synergi, 2.5 µm packing, 152
Hydro-RP Mercury, 20 mm x 2 mm was used as precolumn. The mobile phase consisted of 153 buffered methanol and nanopure water (10 mM ammonium acetate, each) and started at 70 % 154 methanol. The linear gradient was increased to 90 % methanol at 4 min, to 100 % at 30 min 155 and was held there until 10 min before changing to equilibration conditions. The equilibration 156 took 8 min at 30 % methanol. Injection volumes of 10 µL were used, with a flow rate of 157 0.2 mL/min and a column temperature of 30 °C. The precursor ion to fragment transitions for 158 all target analytes are listed in Table A5 in the accessory publications. 159 160
Quantification 161
As observed previously [26] sample matrix may result in alterations of the ionisation efficiency 162 such as signal suppressions. Application of a solvent calibration to quantify a spiked standard 163 mixture in bird extracts confirmed this assumption: all calculated concentrations were much 164 lower than the true values. [27] Thus, this matrix effect-related bias needs to be corrected. 165
However, only twelve mass-labelled internal standards were available for the twenty target 166 analytes. To assure that both substance and mass-labelled standard behave equally during 167 analyses, relative recovery rates (recovery ratios of native substance and corresponding mass-168 labelled standard) ought to be calculated in each of the ten different matrices as suggested addition was performed with two spike levels. The procedure of standard addition complies 177 with the requirements of DIN standards. [29] (Neumann test). Student t-Test and F-Test (p = 0.01 or p = 0.05) were used to evaluate if 214 differences between certain parameters were significant. For evaluating the linearity of the 215 standard addition method, Mandel test was applied. For precision of sample processing and 216 standard addition method the relative standard deviation was calculated. Additionally, their 217 accuracy was evaluated using the Student t-Test or calculating the recovery rates. 218
For multivariate statistical analyses only concentrations of twelve compounds which were 219 detected in more than 50 % of all samples were used: perfluorohexane sulfonate (PFHxS), 220
PFHpS, PFOS, perfluorodecane sulfonate (PFDS), PFOA, PFNA, perfluorodecanoate 221 (PFDA), PFUnDA, perfluorododecanoate (PFDoDA), PFTriDA, PFTeDA, and PFOSA. Due 222 to the possible decomposition of PFOSA to PFOS [30] , these two variables are not mutually 223 independent. Therefore, they were combined to one combined parameter. Concentrations 224 below the detection limit were calculated using Eqn 1: 225
where c mod is the modified concentration, c MDL is concentration of the method detection limit, 227
and rnd is a random number between 0 and 1. Concentrations of the completed dataset were 228 were excluded from cluster analyses. Clustering occurred using the Ward agglomeration 237 method and the euclidean squared distance. 238
Factor analysis was performed on individual PFC concentrations using the Kaiser criterion so 239 that only eigenvalues greater than 1 were applied. To facilitate the interpretation of the 240 factors, the varimax rotation was applied. EtFOSE under environmental and biological conditions [30, 31] , the lack of FASAs and FASEs 255 was not surprising. Non detects of PFBS and rare detects of PFHpA (only six samples) were 256 probably caused by the nonexistent bioaccumulation of these compounds. Bioaccumulation 257 was observed for PFSAs containing more than four and for PFCAs containing more than six 258 perfluorinated carbon atoms. [10, 11] Previous studies demonstrated increasing PFC 259 bioconcentration factors with increasing chain length. [11] Additionally, relatively low 260 bioconcentration factors for PFTeDA suggested a possible limitation of bioaccumulation for 261 long-chain PFCAs. [11] In compliance with this assumption, in the present study PFTeDA was 262 detected in 70 %, PFHxDA in 20 % and PFOcDA in none of the forty tissue samples. 263
264
PFC concentrations 265
Total PFC concentrations in all tissue samples are presented in Figure 1 . Individual 266 concentrations and standard deviations are listed in Table A8 and A9 in the accessory 267 publications. The good congruence of median and mean suggests normally distributed data as 268 well as a lack of outliers. Due to standard addition as quantification method as well as 269 concentrations occurring in trace levels, calculated confidence intervals were quite high (up to method (absolute recovery rates calculated on the basis of a matrix assisted calibration were 272 between 85 % (PFOcDA) and 115 % (PFHxS)) as well as the high standard deviation (Table  273   A10 birds [18, 20, 21] , they are rather to be considered as 'concentration levels' in this study. 279
In this study, the most contaminated bird tissue on the ng g -1 basis is liver followed by kidney, 280 lung, gall bladder and blood. Lowest concentrations were observed in fatty and muscle tissue. 281
Except for kidney and gall bladder, total PFC concentrations in liver were significantly higher 282 than in the other tissue samples (p < 0.05). Previous studies investigating biota samples found 283 liver to be the most highly contaminated tissue in mammals [16, 32] whereas in fish [11] and 284 birds [18, 20, 21] highest concentrations were observed in plasma/blood, kidney, or spleen. As in 285 the present study, these studies observed lowest concentrations in muscle and fatty tissue. distributions. [14, 18, 20] Only in one study sampling seabirds from the Canadian Arctic, the 300 percentage of total PFCAs and total PFSAs was reversed. [19] 
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In comparison to other tissue (0.4 and 0.9 %), lung samples were characterised by a rather 308 high PFOA contribution (3.5 %) although its bioaccumulation is the lowest within the group 309 of perfluorinated carboxylates. [11] Hence, PFOA was detected only sporadically and in small 310 amounts in biota samples including the main feed of red-throated divers. [14, 18] The exact 311 reason for finding relatively high PFOA concentrations in lung tissue samples remained 312 unclear. One reason might be the birds' dead by drowning in seawater. Seawater in this part 313 of the Baltic Sea contains PFOA concentrations of about 1 ng L -1 .
[33] Therefore, PFOA 314 contaminated water may have entered the birds' lungs. However, as rough estimate 100 L of 315 seawater would have been necessary to reach the contamination level observed in the lung 316 tissue. Another hypothesis may comprise the inhalation of marine aerosols by the red-throated 317 divers. Recently, it was discussed that PFOA concentrations may be up to 80 times higher in 318 aerosols than in the parent water body (ocean water). [34] [35] [36] Enriched in marine aerosols, medical studies using perfluorocarbon aerosol to improve the gas exchange and the 321 mechanical lung function. [37] After having entered the lungs, PFOA, as a main compound in 322 Baltic Sea water, may preferentially accumulate in the lung tissue, probably as a result of 323 interaction with hydrophobic parts of the lipid shares or with surfactant proteins of the cells. 324
Due to the hypothetical character of these interpretations, we decided to exclude lung samples 325 from statistical discussions. 326
Except for the kidney, PFCA proportions in brain samples were significantly higher than in 327 the other tissue samples (p < 0.05). Besides PFUnDA, PFDoDA, PFTriDA, and PFTeDA, the 328 PFSA with the longest chain length determined in this study (PFDS) was observed in elevated 329 concentrations in brain samples, too. Hence, the question arises whether perfluorinated 330 carboxylates only or long-chain PFCs including perfluorinated carboxylates as well as 331 sulfonates accumulate preferentially in the brain. Verreault et al. [20] did not determine a 332 preferential accumulation of PFCAs or long-chain PFCs in general in brain samples. 333
Whereas PFUnDA was the major PFCA in the remaining tissue samples, PFTriDA was the 334 most highly concentrated carboxylate in brain samples indicating a shift of the concentration 335 maximum within the PFCAs up to long-chain molecules. As observed in the present study's 336 investigated tissues (except for brain), previous studies analysing bird tissue samples 337 discovered PFUnDA as most highly concentrated PFCA, too. [18, 20] In contrast to birds, PFNA 338 was the dominating compound among PFCAs found in mammals. [38] In fish, PFUnDA and 339
PFTriDA were observed in highest concentrations. [38] Therefore, it was supposed that high 340 concentrations of PFUnDA and PFTriDA in tissue samples of piscivorous seabirds reflect the 341 PFC pattern of their food. [38] As well as in previous studies [2, 38] , results of these 342 observations confirmed odd PFCAs (PFNA, PFUnDA, PFTriDA) to be higher concentrated 343 than the even ones (PFDA, PFDoDA, PFTeDA). Ellis et al. [7] determined FTOHs as an 344 important source for PFCAs. Additionally, they confirmed that the previous observed even-345 odd pattern in biota samples [38] can be probably be attributed to the degradation of FTOHs. [7] 346 347
Cluster analysis 348
Results of the cluster analysis are presented in the dendrogram in Figure 3 and confirm the 349 above mentioned findings. The first clustering divided the objects in two clusters segregating 350 brain, kidney, and liver from the other tissues. In both clusters a substructure is obvious 351 forming two sub-clusters, each. Kidney and liver, the two tissues of highest PFC but reveals the highest concentrations of long-chain molecules and is thus forming a separate 354 sub-cluster. In cluster 2, fatty and muscle tissues are separated from blood, gall bladder, heart, 355 and spleen, probably due to their very low PFC concentrations. 
Distribution of PFCs in tissues and whole body burden 363
By multiplying the organs' PFC concentrations by the weights of the organs themselves, the 364 absolute PFC content of each organ was calculated. The relative distribution of total PFC 365 amounts in the ten tissues as well as the tissue distribution (i.e. the fraction of the individual 366 tissue mass related to the birds' body mass) is given in Figure 4 . More than 65 % of the 367 seabirds' total mass is fatty and muscle tissue. Therefore, fatty and muscle tissue contain more 368 than 50 % of the total PFC amount despite their low PFC concentrations. Thus, although the 369 accumulation of PFCs in these two tissues is rather marginal, they do not seem to be 370 insignificant reservoirs of PFCs. Figure 4 To the best of our knowledge only three more studies investigating PFCs in animals (seals) 382 determined the amount of PFCs in each organ including fatty tissue. [14, 16, 17] Two studies 383 estimated the relative distribution of PFC amounts in the observed tissues [16, 17] , the third 384 study only calculated PFC concentrations of tissue samples [14] . Sturman et al. [17] found 385 concentrations in seal blubber to be highly variable along the seasons. Whilst in spring 386 blubber contained only 1 % of the total PFC amount (n = 10, Nain, Canada), in fall this 387 percentage increased up to 10 % (n = 5, Nain, Canada). [17] Therefore, a relation between PFC 388 loadings and blubber contents was suggested. [17] Ahrens et al. [16] analysed PFCs in one to 389 two year old harbour seals sampled in wintertime in the German Wadden Sea. They observed 390 2 % of the total PFC amount in blubber and 36 % in liver. [16] They found highest 391 concentrations in liver as well. Compared to a previously published study investigating 392 harbour seals in the Dutch Wadden Sea (n = 17) [14] , PFC liver concentrations calculated by 393
Ahrens et al. [16] were one order of magnitude higher and PFC blubber concentrations were 394 one order of magnitude lower. [16] This may be due to differences in species, sampling 395 location, season, age, and physical conditions which hamper direct inter-study comparisons of 396 PFC concentrations as described above. In the present study, fatty tissue contained about 397 33 % of the total PFC amount with a suggested fat content of the red-throated divers of 398 approximately 30 % of the whole body mass. [39] However, in the present as well as in the 399 published studies [14, 16, 17] the total mass of fatty tissue was only estimated on the basis of 400 literature data. Even though the estimated percentage of 33 % of total PFC amount in fatty 401 tissue in the present study is relatively high, it indicates the potential relevance of fatty tissues as PFC reservoirs for species exhibiting high contents of fat. This is in contrast to several studies where fatty tissue was not identified as important reservoir for PFCs. e. g. [11, 40] 404
The summation of organ-specific PFC amounts enables the estimation of the whole PFC body 405 burden. In the present study 'whole body' only includes the ten sampled tissues. Other organs 406 such as beak, feet, feathers or skin are not included. Their amount is estimated to be 407 approximately 15 % of the whole body mass. The total PFC amount of the sampled bird (Σ10 408 tissues) is 85 µg ± 33 µg. This corresponds to a concentration of 67 µg kg -1 ± 26 µg kg -1 . 409 Assuming that the remaining 15 % of the bird's tissue are equally contaminated [41] , the total 410
PFCs body burden can be estimated to be 100 µg or 67 µg kg -1 . 411 412
Factor analysis 413
The lipophilicity of PFCs increases with increasing perfluorinated carbon chain length and 414 correlates positively with the bioaccumulation potential. A common criterion for lipophilicity 415 is the K OW . Because the K OW cannot determined for ionic surfactants [42] and the critical 416 micelle concentrations (CMC) is suggested not to be a suitable surrogate for surfactant 417 lipophilicity [23] , the number of perfluorinated carbons was used to estimate the 418 bioaccumulation of PFSAs and PFCAs. [10] Martin et al. [11, 23] reported that bioaccumulation 419 factors of PFSAs and PFCAs with an equal number of perfluorinated carbon atoms are higher 420 for PFSAs than for PFCAs. Therefore, they suggested not only the lipophilicity but also the 421 acid function being responsible for different bioaccumulation potentials. [23] The sulfonate 422 moiety contains two double bonds. Therefore, the negative loading of a molecule containing a 423 sulfonate moiety can possibly be delocalised more effectively than molecules containing a 424 carboxylic moiety with one double bond only. Thus, perfluorinated sulfonates are most likely 425 slightly less polar and therefore slightly more lipophilic than carboxylates of equal 426 perfluorinated chain length as also assumed previously by Higgins et al.. [43] 427
Detailed results of the factor analysis are given in Table A11 of 4) . For the factor analysis the Kaiser criterion was used so that only 442 eigenvalues greater than 1 were applied and varimax rotation was performed. Lung tissue was excluded from this 443 analysis (please refer to the main text). A detailed graph is presented in accessory publications ( Figure A1 ).
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Confirming the observations on the basis of the substance composition which was discussed 446 above, brain samples are mainly influenced by long-chain PFCAs and PFDS. Factor scores of 447 the second factor (including PFOS) were highest for liver samples. This corroborates previous 448 studies reporting liver as the target organ of PFOS accumulation. [40, 44] For blood samples, all 449 factor scores of the third factor were positive. This means that the shortest investigated PFCs 450 (PFOA and PFHxS) which correlate with the third factor might have an influence on the 451 birds' blood. Kidney as an excretory organ was influenced by all investigated substances. 452
Fatty and muscle tissue, gall bladder, heart, and spleen revealed no significant presence of any 453 substance groups as factor scores were mainly negative or evenly distributed for all factors. It 454 is well known that lipophilic substances are able to pass the blood-brain barrier. [45] To the 455 best of our knowledge, this is the first time that a preferential accumulation of long-chain 456 PFCAs (dominance of factor 1) in brain was determined. Austin et al. [44] detected PFOS in 457 rats' brains and concluded its potential to cross the blood-brain barrier. They suggested that 458 PFOS affects central and neuroendocrine functions. [44] The effect of PFCAs in the brain is 459 not known so far. 460 contain the highest PFC concentrations followed by kidney. The similarity of these two 464 organs concerning the degree of PFC contamination was confirmed by the results of the 465 cluster analysis. PFOS represented the major PFC in all tissue samples and PFOS and PFOSA 466 accounted for approximately 90 % of total PFC amount in eight of ten organ samples. 467
Confirming a previously published characteristic of bird samples, in nine of ten organ samples 468
PFUnDA was found to be the major PFCA. Additionally, the previously observed even-odd 469 pattern of PFCAs was proven. But also new findings were discussed. Fatty tissue was found 470 to be a PFC reservoir for species having a high fat content that was probably neglected in 471 former studies. Preferential enrichment of long-chain PFSAs and PFCAs in brain samples was 472 observed and confirmed by results of cluster and factor analysis. Owing to the results of the 473 factor analysis a possible relationship between PFC lipophilicity and their preferred 474 accumulation 'location' within the organism was derived. However, all of these assumptions 475 need to be confirmed by additional data of future studies in order to understand resulting 476 consequences. Particularly the potential of several long-chain PFCs to cross the blood-brain 477 barrier needs further investigation, also in terms of toxicological effects of long-chain PFSAs 478 and PFCAs in the brain itself. 479 480 Acknowledgement 481 We thank Renate Sturm for her support. Philipp Schwemmer and Ursula Siebert (FTZ 482 Büsum) are acknowledged for providing red-throated-diver samples and for assistance 483 concerning biological background information. Additionally, we thank Kristin Schäfer for her 484 support in performing the multivariate-statistical analyses and Christoph Sauer for assistance 485 in terms of physiological background information. 486 487
